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Abstract 
 
Oscillator strengths (ƒ), line strengths (S) and radiative decay rates (A) are presented for all 1s-2p transitions 
in gold (Au) ions. X-ray emission from gold is extensively used, such as in fusion experiments, and in medical 
research for diagnostics and treatment. The Kα 1s-2p transitions in gold are found to be in the hard X-ray region of 
66-73 keV (0.1888-0:1706 Å) and are limited to from hydrogen-like to fluorine-like ions as the 2p subshell is filled 
beyond fluorine. While there are two 1s-2p transitions (1s2S1/2-2p2P
o
1 /2 and 1s2S1/2-2p2P
o
3 /2) for hydrogen-like gold, 
Au+78 , the number varies depending on the number of electrons in the 2p subshell before and after the transition. For 
example, there are 35 1s-2p transitions giving the same number of Kα lines for carbon-like Au, Au+73 . The transitions 
can be of both types, dipole allowed and intercombination, and are in general strong, that is, A~10 =s. However, there 
are also weak transitions in the set. The present results are obtained from configuration interaction atomic structure 
calculations using the code SUPERSTRUCTURE which includes relativistic effects in Breit-Pauli approximation. 
The results have been benchmarked for a few ionic states with other detailed relativistic approaches, such as 
Dirac-Fock and coupled cluster. Comparisons with the very few transitions in the literature as well as those from other 
approaches indicate reasonable accuracy for the present results. 
 
1. Introduction 
 
Gold is commonly used in many applications as an X-ray source. One of its most useful 
property is that it does not readily oxidize, or otherwise react chemically. In inertial confinement 
fusion experiments a thin layer of gold is included in the film which produces highly energetic 
X-ray photons. Gold X-rays from transition/ionization may be used to study the nuclear 
excitations [1]. Normally, atomic and nuclear energies are separated by keV to MeV. But for 
heavy atoms, the innermost (K-shell) electrons can have binding energies comparable to some 
nuclear transition energies, making it possible to excite the nucleus. In the opposite 
process a Kα emission is possible from de-excitation of the nucleus. Recently gold has also been an 
important element in biomedical research because its X-ray absorption far exceeds that of body 
tissue, and it is non-toxic. It is found that X-rays absorbed by gold nanoparticles are capable of 
enhancing the efficiency of radiotherapy [2]. Gold nanoparticles attached to cancer cells and 
irradiated with 120–250 keV X-rays are found to kill cancerous cells more effectively [3]. 
Krypton K-shell X-ray spectra was recorded by the high energy electronic X-ray (HENEX) 
spectrometer from Li- to N-like Kr [4]. They provide new features in diagnostics on temperature, 
density, plasma opacity, and charge distribution. The authors expect to be able to carry out 
experiments for gold and other high-Z elements with energies beyond 60 keV. Kα emission from 
gold targets were detected in National Ignition Facility (NIF) in filtered diodes (quoted in [4]). In a 
review article on high energy density physics, Hudson et al. [5] refer to achieving controlled 
thermonuclear ignition for alternative energy sources and discuss extending existing diagnostic 
techniques to high-Z, K-shell spectroscopy, such as for gold. 
However, compared to extensive experimental observations and usage, there are very few 
theoretical studies for the radiative transition rates for various ionic states of gold (Au) of charge q, 
 
 
 
especially from the K-shell. The few available investigations are limited to H-, He-, and Li-like 
gold. This paper presents the oscillator strengths (ƒ), line strengths (S), and radiative decay rates 
(A) for Kα radiation due to 1s–2p transitions for nine ionic states of gold. The results are obtained 
from configuration interaction atomic structure calculations using the code SUPERSTRUCTURE 
(SS) [6,7]. The relativistic effects are included through the Breit–Pauli (BP) approximation. The 
present relativistic results should be of sufficient accuracy until more detailed fully relativistic 
results are available. 
 
2. Theory 
 
Theoretical details of the present configuration interaction relativistic atomic structure calculations 
using SS can be found in [6–9]. A brief outline of the theory is given below. 
In atomic structure calculations, the energies and wavefunctions of an N-electron ion are 
obtained through optimum solutions of the Schrodinger equation, 
 
 
 
where Ψ = Ψ(ySLMSML\r1,... ,rN) are the bound solutions consisting of a linear combination of 
configuration state functions. HNR is the non-relativistic Hamiltonian. The antisymmetrization of 
the wavefunction is carried out by an expansion of products of single particle wavefunctions. The 
present approximation represents the nuclear and electron-electron potential by the statistical 
Thomas-Fermi-Dirac-Amaldi model potential 
 
 
 
where Zeff(λnl,r) = Z[e-Zr/2 + λnl(1-e-Zr/2)]. λnl are the Thomas-Fermi scaling parameters for the 
orbitals.  
The relativistic N-electron Hamiltonian in the BP approximation is written as (e.g. [9,10]) 
 
 
 
where HNR is the non-relativistic Hamiltonian, and 
 
 
 
are the relativistic one-body mass correction, Darwin, and spin–orbit interaction terms. The rest 
are two-body interaction terms with notation c for contraction, d for Darwin, o for orbit, s for spin 
and an apostrophe indicates ‘other’. The present relativistic calculation includes the three 
one-body corrections terms and the first two two-body terms of full Breit interaction. Breit 
interaction (HB) consists of fine structure terms, that is, spin-other-orbit (so') and spin-other-spin 
(ss') terms: 
 
 
 
where 
 
 
where p is the momentum, s is the spin, and α is the fine structure constant. 
Electric dipole-allowed E1 transitions (ΔJ = 0, ±1, parity (π) changes, that is, odd parity 
even parity) include both allowed same-spin-multiplets (ΔL = 0, ±1, ±2, ΔS = 0) and 
intercombination (ΔL = 0, ±1 ± 2, ΔS ≠0) transitions. (Note that the monopole ΔJ — 0-0 transition 
is not allowed.) The line strength for electric dipole i–j transition is defined as 
 
 
 
where N is the number of electrons in the ion. S(ij) does not explicitly depend on the transition 
energy. Einstein’s A -coefficient or the radiative decay rates and absorption oscillator strengths 
(ƒ-values) for transitions between levels i and j for E1 transitions are obtained as 
 
 
 
where the energy is in units of Ry — (α2/2) melc2 — 13.6 eV, and the time unit is τ0 — h/Ry — 4.838 
x 10~17 s; Eij — Ej — Ei is the excitation energy, gj and gi are the statistical weights of the upper and 
lower states, respectively. 
The lifetime of a level can be computed as 
 
 
 
where the sum is the total radiative transition probability for level k. 
 
 
3. Results and discussions 
 
Oscillator strengths (ƒ), line strengths (S) and radiative decay rates for the 1s-2p transition 
array producing Kα lines are reported for nine ionic states of gold, from H-like Au+78 to F-like 
Au+70 . There are no bound-bound 1s-2p transition beyond fluorine because of the filled 2p 
subshell, although resonant fluorescent emission or photo-excitation is possible in any ion or 
neutral atom if a vacancy exists in the K-shell or the L-shell, respectively. 
Each ionic state of gold has been represented by a relatively large set of configurations as 
listed in Table 1. For configuration interaction calculations it is important for higher accuracy to 
include all configurations that contribute most to the transitional symmetries. For example, for the 
1S0 symmetry of He-like Au+77 , in addition to the ground configuration 1s2 that forms 1S0, other 
configurations, such as 1s2s, 1s3s, 1s4s, 2p3p, 2p4p, 2s2, 2p2,3s2,3p2,4s2,4p2, etc. (Table 1) which 
also form 1S0 level, should be included for contributions to the symmetry. Although the list of 
configurations in Table 1 are expected to give accurate results, in absence of observed energies and 
accurate calculations, proper optimization for most of the ions cannot be verified by comparison. 
A low-Z ion isoelectronic with a given gold ion was optimized first, and the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 
List of configurations used for the atomic structure calculations for energies and oscillator strengths of various ionic 
states of Au                                                                                                           
 
 
 
The configurations are numbered, within parentheses, for convenience. 
 
 
energies compared with experimental ones, and then the same set of configurations was used for 
the gold ion. Uncertainties remain with the procedure since these gold ions are highly ionized 
requiring additional optimization due to strong nuclear force. 
The 1s-2p transitions for each ionic state of gold (Z = 79), H-like (Ne = 1), He-like (Ne = 2), 
Li-like (Ne = 3), etc. are presented in Table 2. The transition energies are given both in Å and keV. 
The configuration numbers Ci, Cj of an ion represent their positions in the set in Table 1 used in 
calculations. The corresponding configurations are written explicitly above the 1s-2p transitions of 
the ion. Table 2 shows that gold Kα lines 
 
Table 2 
ƒ, S, and A-values for the Kα 1s–2p transitions in gold 
 
 
 
 
 
 
 
Table 2 (continued) 
 
 
 
Table 2 (continued ) 
 
 
 
While transition energies are in Å and keV, the individual level energies, relative to the ground level, are in Ry. The 
configuration numbers (Ci, j ) for the gold ionic states correspond to the sets of Table 1. 
 
due to 1s-2p transitions are in the hard X-ray region from 66 to 72.68 keV, and wavelength range 
from 0.188 to 0:1706 Å. 
For ions, such as H-like, He-like, Be-like and F-like Au, there are two 1s-2p transitions and 
each of them has strong transition probability of order 1016 s
_1 (Table 2). However, for B-like, 
C-like, N-like, and O-like ions, with more complex 2p configurations, the total number of 1s-2p 
transition changes due to formation of larger number of fine structure J-levels before and after the 
transition. This increases the number of allowed E1 transitions. For example, for C-like Au, Au+73, 
the ground configuration 1s22s22p2 has three terms 3P, 1D, 1S0, and the excited configuration 
1s2s22p3 has six terms 5So, 3So, 3Do, 1Do,3Po, 1Po. Each term corresponds to one or more J-levels. 
Hence, the number of E1 transitions among the 1s-2p levels of Au+73 increases to 35. 
The E1 transitions are of dipole allowed where the spin does not change (ΔS = 0), or 
intercombination type, where spin changes (ΔS ≠ 0). Typically the intercombination transitions are 
weaker than those of same-spin-multiplets. However there are exceptions, as seen for gold ions. 
While most of the same-spin-multiplets transitions are strong with a large A-value of ~1016 s
_1, 
there are some that are weak with A-values ~1012 s
_1 or less. The same-spin-multiplets transition, 
3P
e
1 — 3D
o
2  in Au+73 , is a very weak transition with an A-value as low as, 109 s
_1. Again, the 
intercombination transition, 1s22s2( 1S0)–1s2s22p(3P
o
1 )of Be-like Au, is strong with the rate as high 
as 1016 s
_1. We note that to obtain an estimate of the intensity of a broadened 1s-2p line, such as in 
high density plasmas, all the relevant oscillator strengths for transitions contributing to the feature 
can be summed up. 
To our knowledge, the energies and oscillator strengths of Kα lines of these ions are not in 
the published literature except for a few ions, H- and He-like Au. To benchmark the present 
results, we have employed two accurate approaches, the relativistic multi-configuration 
Dirac-Fock method using the code GRASP [12], and relativistic coupled cluster (RCC) 
approximation [13], to calculate the A-values of 1s-2p transitions of a few ionic states of Au. Table 
3 presents these comparisons along with those currently available. 
For H-like Au, Au +78, the transition energies for Kα1 line (1s2S3/2-2p2P
o
1 /2) and Kα2 line 
(1s2S1/2-2p2P
o
1 /2) of H-like Au were measured to be 66.991 and 68.805 keV [11], respectively. As 
seen in Table 3, present values for these transitions are close to the measured values as well as to 
those from elaborate calculations of using the relativistic Dirac theory with higher-order radiation 
such as electric and magnetic multipole contributions by Pal’chikav [14]. Present A-values differ 
from those by Pal’chikav by about 20% for Kα2, and by 6% for Kα1 transition. 
For He-like Au, Au77+ , we compare the transitions with those by Plante et al. [15] 
calculated using relativistic many body perturbative theory that includes both relativistic 
corrections as well as QED effects. We also compute the A-values using GRASP. As Table 3 
shows, transition energies from SS agree very well 
 
Table 3 
Comparison of the present values with others 
 
 
 
with those by Plante et al. All A-values for the resonant line 1s2(1S0)–1s2p(1P
o
1 ) from SS (p1), 
GRASP (p2), and RMBPT [15] agree very well. However, SS-value for the intercombination 
transition is over 20% below those from GRASP and RMBPT. 
For Li-like Au, Au+76, we compare the present ƒ-value for the transition 1s2s2p 
(2P
o
1 /2)–1s22s( 2S1/2) with that by Safronova and Safronova (2004) using relativistic many-body 
perturbation theory that includes the Breit interaction, and we find agreement within 6%. 
For Be-like Au, Au 75+, we make comparison between SS and GRASP. While we find good 
agreement within 8% for the same-spin dipole transition, SS-value is 29% lower for the 
intercombination transition. Finally, we compare A -values for the F-like Au, Au70 , between SS 
and RCC (p3). Although the energies show very good agreement for both transitions, A-values 
from SS differ by 30% from those from RCC. 
Based on all these comparisons, it may be concluded that present results from SS have 
good agreement with other approximations for the same-spin dipole-allowed transitions. However, 
they are lower than for the intercombination transitions by about 30%. Present results do not 
consider higher order relativistic effects and could be the reason for the differences. Higher order 
relativistic contributions appear to be more important than configuration interaction with higher Z 
ions. Although not highly accurate for all transitions, present results should provide good 
estimation for 1s-2p transitions in all ionic states of gold considered herein. 
 
4. Conclusion 
 
The ƒ, S, A-values are presented for Kα lines of gold ions, from H-like Au+78 to F-like 
Au+70. The energies of these lines are in the hard X-ray region with a wavelength range of 0.1706 
to 0:1888 Ǻ. The number of 1s–2p transitions varies from the Kα doublets to a much larger number 
depending on the number of active 2p electrons, and resulting fine structure levels for the 
transitional configurations. While same-spin multiplet transitions show good agreement with other 
more accurate approaches, higher order relativistic contributions appear to be more important for 
the intercombination transitions. Until highly accurate values are available, the present results 
should be reasonably accurate for various applications in plasma diagnostics and modeling of high 
energy-temperature laboratory sources in several areas. 
Although only the 1s–2p transitions are reported here, a large number of transitions, 
including electric quadrupole and magnetic dipole transitions among all the configurations in 
Table 1 are also available from the first author. 
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